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ABSTRACT: Self-assembly of Au nanoparticles with Fe ions is used to develop magnetic nano-
nets similar to fishing nets for capture and removal of microbes in aqueous medium. The nano-
nets have a high aspect ratio, span microns in length with openings of 80-300 nm. This allows 
them to sample the liquid medium even at low volume fraction and also entrap the microbes in 
the solution. The nets and the trapped microbes can be effectively pulled from the solution by 
using an off the shelf magnet. Since the capture is based on physical contact, the nano-nets 
overcome the ability of the microbes to develop resistance to the cytotoxic effects of chemical 
compounds and nanomaterials. Using the nano-nets an absolute inactivation of 0.9 is achieved in 
5 min. in a non-deaerated solution with Escherichia coli (E. coli). Further the removal of the 
nano-nets along with the captured microbes also predominantly eliminates the nanomaterial from 
the aqueous medium for future use. 
  
Keywords- water purification • magnetic chains • nano-nets • gold nanoparticles • self-assembly 
1. Introduction 
Effective neutralization of microbes in water either by capture or by cytotoxic agents is of 
critical importance to prevent diseases. This has gained further urgency due to the spread of 
bacterial resistance to antibiotics[1–4] and increasing scarcity of access to clean water.[5–7] 
Nanoparticles of Ag, Fe, Au and Fe-oxides are antimicrobial due to generation of oxidative 
stresses, disruption of cell membranes and cellular processes, and have been extensively 
researched for this purpose.[8–18] The use of these nanoparticles has also been shown to 
enhance the effect of antibiotics on bacteria through synergy.[19–21] A rising challenge now is 
the reported development of microbial resistance to the cytotoxic effects of these 
nanoparticles.[22] Therefore, nanomaterials that interact and capture the microbes with efficacy 
by employing alternative strategies are required. To this effect, here we present the use of 
magnetic nano-nets that are made of Au nanoparticle chains cemented together with Fe-oxides 
for effective capture of microbes. Unlike 0-Dimensional nanoparticles, these nano-nets have high 
aspect ratio geometry, which spans microns in size with openings in the range of 80-300 nm. The 
combined magnetic characteristics of these nets and their ability to sample a greater volume 
leads to capture of the microbes with great efficacy and also their collection using an off the 
shelf magnet. Further due to the cytotoxic effects of the constituting materials (Fe oxides) the 
captured microbes in these nets are also neutralized. These nano-nets effectively combine the 
physical capture of the microbes due to their geometry with the microbicidal properties of their 
constituting materials. The removal of these nano-nets from the solution along with the captured 
microbes also clears the residual water of the nanomaterial which may have adverse effects on its 
subsequent use.[23,24]   
  
The dimensionality of nanomaterial (and aspect ratio) is a basic physical parameter that 
critically affects their interaction volume in composites and fluids. For example, the percolation 
threshold of 1-D materials such as Carbon nanotubes (CNT’s) is orders of magnitude smaller 
than that of spherical nanoparticles.[25,26] The effect of aspect ratio is also seen in thermal 
conductivity of fluids and composites with nanomaterials as fillers.[27,28] Similar to the effects 
seen in these processes and parallel to fishing nets used for capture of aquatic organisms, the 
developed nano-nets function as an effective means for both physical capture and cytotoxic 
effects induced neutralization of the microbes. The neutralization of microbes using 
nanomaterials can be considered a two-step process. First there has to be a direct contact (or 
close proximity) between the microbe and the nanomaterial in the fluid environment. Success in 
this step is required for both physical capture of the microbe and also to induce cytotoxic effect 
on the microbe. The second step is the nanomaterials inducing the cytotoxic effects on the 
microbe as a result of the direct contact or close proximity. The effect of having a net like 
nanomaterial is two fold; first due to its high aspect ratio even a small volume fraction of the nets 
is able to sample a large volume in water, similar to the percolation effects in composites.[25,26] 
This greatly increases the probability of contact between the microbe and the nets, satisfying the 
first step for capture of the microbe. Second as the material is organised into a large network, the 
interactions with the microbes are at a greater scale than compared with those of single 
nanoparticles. We show that using these magnetic nano-nets E. coli in the concentration of 
1.6x10
6
 colony forming units (CFU) can be removed from solutions in less than 5 min with more 
than 90% efficiency. Further the capturing ability of these nano-nets based on their volume 
fraction in solution and the number density of the target species is characterized using 1 micron 
Poly(methyl methacrylate) (PMMA) microspheres and also E. coli. By using Au nanoparticles, 
the minimum size of particles that can be effectively captured by the nano-nets is found to be 
  
100 nm. Also we show their effectiveness in capturing microbes with different physiology by 
using a mixture of E. coli (a prokaryotic gram negative bacteria) and Saccharomyces Cerevisiae 
(S. cerevisiae, bakers yeast, a eukaryotic microbe) in water and also towards Bacillus Subtilis (a 
prokaryotic gram positive bacteria). 
2. Experimental 
2.1 Materials 
E. coli strain ATCC 47046, Saccharomyces cerevisiae (yeast) BY4741 are purchased from 
ATCC. Bacillus Subtilis (Strain 168) was kindly supplied by Prof. Trevor Charles group at 
University of Waterloo. Au nanoparticles (10 nm with concentration 5.7x10
12
 particles/ml; 50 




and 100 nm with concentration 5.6x10
9
 particles/ml) 
were purchased from Ted Pella (unconjugated gold colloid manufactured by BBI International). 
Yeast Extract-Pepton-Dextrose (YPD) broth and Nutrient broth No. 1 were purchased from 
Sigma-Aldrich. FeCl2.4H2O (> 99% purity), FeCl3.6H2O (> 99% purity) and NaBH4 (> 98% 
purity) were also purchased from Sigma-Aldrich and used as such. 1 µm sized PMMA 
microspheres were purchased from Sigma-Aldrich (10% by volume). All the glass vials, caps, 
pipette tips and Millipore water were autoclaved to sterilize the equipment for elimination of any 
possible contaminants. 
 
2.2 Material Characterization 
Ultraviolet-visible (UV-Vis) spectroscopy was carried out by using MINI-D2T deuterium 
tungsten light source and USB4000 Miniature fiber optic spectrometer from Ocean Optics. Field 
emission scanning electron microscopy (FESEM) was used to evaluate morphologies of the 
samples and study them. Images were taken by using ULTRA PLUS and Leo 1530 from Carl 
Zeiss. Transmission electron microscopy (TEM) images were obtained with a LEO 912ab 
  
transmission electron microscope. X-ray diffraction (XRD) patterns were obtained from the 
samples deposited on a silicon substrate with a native oxide layer using a glancing incidence X-
ray diffraction (GIXRD) using a PANalytical X’Pert Pro MRD diffractometer with Cu Kα 
radiation (λ = 1.54 Å) at an incidence angle of 0.4°. X-ray photoelectron spectroscopy (XPS) was 
used to study the oxidation state and compositions of the iron oxide-gold nanoparticle composite. 
The instrument used for this purpose was Thermo-VG Scientific ESCALab 250 Microprobe 
equipped with a monochromatic Al K-alpha X-ray source (1486.6 eV). Zeta Sizer Nano ZS90 
from Malvern Instruments was used for measuring both zeta potential and size distribution of our 
samples. Optical microscope DMI 3000 B from Leica equipped with a Hamamatsu CCD was 
used for optical imaging.  
 
2.3 Assembly and Formation of Nano-nets 






 dissolved in 
Millipore water was added to a glass vial which contains 4.0 mL of the stock Au nanoparticles. 
The final solution was put on a shaker for eight hours for assembling of Au nanoparticles. As the 




 ions and self-assemble into chains, the 
solution mixture becomes blue in color. 600 μL of 10 mg/mL NaBH
4
 was added to the Au-Fe 




 ions to Fe
0
. The Fe on contact with air is oxidized 




. The composite in the vial is now magnetic and 
the gold chains can now be pulled with the help of a handheld magnet. Magnets are ¾ inch 
ceramic disks sold by Hillman. 4-8 pieces of magnet stacked on top of each other are used to pull 
the chains on to the sides of the vial which can be easily removed later. 
2.4 Bacterial Concentration Determination 
  
 Nutrient agar plates were prepared by dissolving 2.8g of nutrient agar in 1 litre of water and 
autoclaving the solution at 121° C for fifteen minutes. The solution was cooled until it reached 
40°-50° C and then poured into petri-dishes. CFUs were determined by plating the solution 
before and after extraction of the bacteria (or as required) on the Agar plates and after being 
incubated overnight at bacteria growing conditions (37° C and no light exposure). The CFU was 
calculated using the formula: CFU/ml = (no. of colonies x dilution factor) / volume of culture on 
plate. The microspheres and the microbes were also counted using Brightline haemocytometer 
made by Hausser Scientific and following the accompanying instructions. 
 
3. Results and Discussion 







 ions in a pre-determined optimal concentration (0.34 mM of Fe
2+
 
and 0.68 mM of Fe
3+
, details in experimental section). These Au nanoparticles have a zeta 
potential of ~ -33 mV due to the presence of citrate molecules on their surface. [29] As a result 




) and their surface anionic 
groups the nanoparticles assemble into microns long branched chain like structures.[30–34] A 
typical morphology of these chains can be seen in the TEM image of Figure 1a. The higher 
magnification image of Fig. 1b (and its inset) shows that openings of size 80-300 nm are 
observed between these chains. Also there is ~ 1-2 nm spacing between the adjacent 
nanoparticles due to the Fe ions. The Fe ions are then reacted to form Fe-oxides (details in 
experimental section), which transforms these chains into continuous structures similar to nano-
nets. The TEM images of Fig. 1c (and inset) show that the chains are continuous in nature 




) in the Au nanoparticle 






) are isolated from each other due to negative zeta potential, as seen in the TEM image of 




) is reduced to half (of the optimal 
concentration) the scale of the assembly is significantly reduced (TEM image of Fig. 1e). 
Similarly, if the concentration of the cations is doubled the Au nanoparticles agglomerate due to 
the high ionic strength of the solution as seen in TEM image of Fig. 1f. 
 
Figure 1. TEM images of the assembly of Au nanoparticles by use of Fe ions and their 
subsequent transformation to magnetic Au-Fe oxide nano-nets. (a) Au nanoparticles chain like 
assembly with use of Fe ions in optimal concentration. (b) Higher magnification images of the 
chains. Scale bar in the inset is 20 nm. (c) Images following the transformation of the Fe ions to 
Fe oxide. (d) Image of plain Au nanoparticles in absence of added Fe ions. (e) Image of the Au 
nanoparticles on adding half of the optimal amount of Fe ions required for assembly (f) Image of 
Au nanoparticles on doubling the concentration of the Fe ions.   
 
The formation of the Fe oxides in the Au chains is confirmed by a variety of 
characterization techniques. X-ray diffraction result of Fig. 2a shows the peaks corresponding to 
  
Au and weak ones corresponding to Fe2O3.[35,36] The presence of Fe3O4 cannot be ruled out due 
to close proximity of the peaks between these two Fe-oxides, supporting the conclusion that 
these are mixed oxides in nature. The XPS results also show the formation of the Fe-oxides (Fig. 
2b, survey spectra; Fig. 2c Fe 2p; Fig. 2d, O 1s). The Fe 2p3/2 and Fe 2p1/2 peaks are centred at 
the binding energies of 711.3 eV and 724.8 eV which are the typical values for Fe
3+
 in 
Fe2O3.[37,38] A satellite peak of the main Fe 2p3/2 which is located centred at 719.4 eV further 
indicates the presence of Fe
3+
 species.[38] The O peak centred at 530.2 eV pertains to the lattice 
oxygen of Fe2O3, while the O peak located at 532.5 eV corresponds to the oxygen defects in the 
metal oxide matrix and the O in SiO2.[38–40] The O peak at 532.5 eV is higher in intensity than 
the first because the XPS measurements were performed on Silicon substrates which contributes 
to a higher intensity signal. These observations support the conclusion that Fe ions in the chains 
transform to Fe-oxides and are composed of predominately Fe
3+
 oxides. The reaction of the Fe 
ions into Fe-oxides also makes these chains magnetic. The spectra for Au 4f are presented in the 
supporting information (SI). The optical images of Fig. 2e show that on applying a magnetic 
field using an off the shelf magnet, the chains are completely pulled out and the solution loses 
color. The UV-Vis absorption spectra presented in Fig. 2f further show these transformations. 
The plain Au nanoparticles have a typical surface plasmon resonance (SPR) peak at ~ 525 nm, 
on assembling into branched chains this peak shifts to ~ 627 nm due to the over lap of the SPR 
between adjacent nanoparticles as their separation is ~ 1-2nm (Fig. 1a&b).[41,42] On reducing 
the chains to form the nano-nets the spectra shows a broad absorption due to the Fe-oxide 
nanostructures.[43,44] On pulling out the nets from the solution using a magnet, the UV-Vis 
shows a flat line attesting to the removal of the Au-Fe nano-nets and their magnetic nature. Both 
  
the reduced and unreduced chains have a zeta potential of ~ -30 to -40 mV leading to their 

















Figure 2: Characterization results for the magnetic Au-Fe-oxides nano-nets. (a) The XRD 
spectrum shows peaks corresponding to Au (*) and Fe2O3 (+). (b) The survey spectrum from 
  
XPS. (c) The Fe 2p spectrum (d) The O 1s spectrum. (e) The optical image on the left shows the 
stable colloidal solution of the nano-nets, on right the nano-nets are pulled out of the solution by 
using an off the shelf magnet. (f) The UV-Vis absorption spectra of, colloidal Au nanoparticle 
solution (grey), their chain like assemblies by use of Fe ions (red), nano-nets on formation of Fe 
oxides (blue) and following their extraction of the residual solution (green).  
 
The ability of these nano-nets to extract microbes from water is shown by adding them to 
a solution of the E. coil cells. The microbes are present in concentration of 2.0x10
6
 CFU/ml, and 
the concentration of Fe added is 0.053 mg/ml (0.95mM). After the addition, a magnet is used to 
swirl the nano-nets in the solution for 1 min and then held stationary to pull them out. 
Subsequently using Agar plates (images in SI) the viable microbe concentration in the solution 
after extraction is determined to be 2.5 x10
5
 CFU/ml (the average of three replicates). This 
provides an inactivation (log(N/N0); N is the remaining and N0 is the initial CFU/ml) of -0.9 for 
the nano-nets. The nano-nets effectively remove more than 87% of the microbes in less than 5 
min. This leads to E. coli inactivation efficiency of 0.2 log(inactivation)/(mg/L . h). The removal 
of the E. coli from the solution is also confirmed by counting the cells using a hemocytometer 
which provides an E. coli concentration of 2.9 x 10
5
 cells/ml in the residual solution (the average 
of three replicates). These results show that the nano-nets are effective in physically capturing 
and removing the E. coli from the solution. The concentration of Fe used here is comparable to 
that of plain Fe[11,16] and Ag[8,9] nanoparticles used as anti-microbial agents. Further this is 
achieved in a non deaerated solution within 5 minutes, simplifying the use of nano nets, unlike 
deaerated solution[11] typically used for achieving high efficiencies with Fe based nanoparticles. 
The removed nano-nets show a high density of the E. coli cells attached to them as observed in 
the FESEM images of Figure 3a&b. The TEM images of Fig. 3c&d show that the Au-Fe nano-
nets attach to the surface of the microbes at multiple places (circled in red in Fig. 3d and its 
inset). This multi point interaction over a large area of the microbes allows them to be pulled 
  
with the nano-nets on applying a magnetic field. The microbes appear dark in TEM images due 
to the attachment of these nets which are made of transition metals (Fig. 3c&d). In contrast a 
plain microbe appears semi-transparent (inset of Fig. 3c). On plating these nano-nets with the 
extracted microbes on Agar plates (images in SI) the viable CFU were reduced by 80%. This 
shows that the cytotoxic effect of the Fe oxides in the nano-nets neutralizes the extracted 
microbes. The magnetic nano-nets hence have a dual action, first due to their high aspect ratio 
and net like structure they are able to physically capture the microbes with high efficacy from the 
solution (as seen from the agar plating, hemocytometer counting, and electron microscopy 
images) and hence act as effective microbial extraction agents. Second, as an added benefit 
following the extraction due to the close proximity between the microbes and Fe-oxides in the 
nano-nets their cytotoxic effect leads to neutralization of the captured microbes (as seen from the 
agar plating results). The reusability of the nano-nets following one extraction is gauged by again 
using them in a second identical cycle of microbe capture. In this case using the cell counter and 
counting of the CFU units an extraction efficiency of 60 % is determined in the second cycle. 
The nano-nets hence can be effectively applied for at least two cycles.  
A mixture of E. coli (a gram negative prokaryotic microbe) and S. cerevisiae (a 
eukaryotic microbe) is also subject to successful removal by the Au-Fe nano-nets, as can be seen 
in the FESEM images of Fig. 3e&f, where both these microbes can be clearly seen attached to 
the nano-nets. The nano-nets capture both the microbes with similar effectiveness as determined 
by their initial ratio in the solution and that in the extracted nano-nets. Both these microbes have 
a negative zeta potential[45] (see SI) and hence their interaction with the nets is not based on 
electrostatic interaction. The ability of the nano-nets to capture a variety of microbes is further 
confirmed by using them to successfully capture gram positive bacteria Bacillus Subtilis, as seen 
  
in the FESEM images of Fig. 3g&h. The nano-nets can be clearly seen attached to the microbes. 
Hence the nano-nets can successfully target a variety of microbes and can be used as a generic 
method for their extraction. 
Figure 3. The use of the magnetic nano nets to successfully pull out E. Coli, S. cerevisiae and 
Bacillus Subtilis from water. (a) The FESEM image of the pulled out nano nets from a E. coli 
contaminated water. (b) A higher resolution FESEM image of the pulled out nano-nets. (c) TEM 
image of the pulled out nano-nets and the E. coli. The inset is a plain E. coli cell. Scale bar in the 
inset is 2 µm (d) High magnification TEM of the nano-nets and the captured E. coli cells. Scale 
bar in the left inset is 100 nm. (e) FESEM image of nano-nets pulled from a solution of E. coli 
and S. cerevisiae (f) High magnification FESEM image of the nano-nets are attached to both the 
microorganisms. (g) FESEM image of the nano-nets and the captured gram positive bacteria 
Bacillus Subtilis (h) A high magnification image shows the nano-nets attached to the surface of 
Bacillus Subtilis.  
  
Two set of control experiments are conducted to evaluate the effect of just the Au 
nanoparticles on the E. coli microbes (each experiment is conducted in triplicate for error 
analysis). For the first experiment, three identical sets of E. coli contaminated solutions each 
with a 2.0x10
6
 CFU/ml are prepared. Then to the first solution just plain Au nanoparticles, to the 
second solution the nano-nets, and in third solution just plain autoclaved water is added (as 
control). Both the first and second solution have identical Au nanoparticle concentration of 4.56 
x 10
12
 particles/ml. The second solution due to the presence of Fe-oxides in the nano-nets also 
  
has Fe concentration of 0.95 mM. Following 5-10 min incubation, the nano-nets are extracted 
from the second solution. The four samples are then plated on Agar for determining the CFUs 
(images in SI). The results are shown in Fig. 4a. The solution with just E. coli and water (control) 
shows a microbial concentration of 2.1 x 10
6
 CFU/ml, the solution with only Au nanoparticles 
shows a slight reduced microbial concentration of 1.8 x 10
6
 CFU/ml. In contrast the extracted 
nano-nets have a microbial concentration of 4.1 x 10
5
 CFU/ml and the solution left following the 
extraction of the nano-nets has 2.52 x 10
5
 CFU/ml. These results show that the Au particles by 
themselves have limited cytotoxic effects and also cannot be extracted from the solution as they 
are non-magnetic, while the nano-nets have dual effect, they combine the cytotoxic effects of the 
Fe-oxides with physical capture of the microbes. To further confirm the limited cytotoxic effect 
of the Au nanoparticles in contrast to the nano-nets dynamic shake flask method is also used as 
the second control experiment.[46] The growth curve of Fig. 4b clearly show that the nano-nets 
due to the presence of Fe oxides have cytotoxic effects on the microbes which significantly 
reduces their CFU count and leads to a lag in their growth, while the Au nanoparticles have a 
little or no effect in this regard.  
The ability of the nano-nets in terms of the size of contaminants that can be captured is 
characterized by using 100 nm and 50 nm Au nanoparticles. Both these nanoparticles also have a 
negative zeta potential (see SI for details) and hence do not have electrostatic interaction with the 
nano-nets which also have a negative zeta potential (see SI). This is unlike the interaction 




 cations and the negatively charged Au 
nanoparticles that leads to the formation of the Au-Fe ion chains. First using a solution of 100 
nm Au nanoparticles (concentration of 5.6x10
9 
particles/ml) is mixed with Au-Fe nets, similar to 
the microbe extraction, after swirling the nano-nets they are extracted using a magnet. The 
FESEM images (Figure 4c&d) show that the nets are successful in capturing the 100 nm Au 
  
nanoparticles. This shows that the nano-nets are able to capture 100 nm size particles effectively. 
Similar process is repeated with 50 nm Au nanoparticles and following the extraction of the 
nano-nets their FESEM image (Fig. 4e) shows that hardly any of the nanoparticles are captured 
and most of them remain in the solution. The nano-nets hence due to their morphology can 
effectively extract particles of size larger than 100 nm.           
Figure 4. Control experiments showing the effect of Au nanoparticles and the nano-nets on the 
microbes; The minimum size of the nanoparticles that can be extracted by the nano-nets. (a) The 
effect on E. coli based on CFU count due to exposure to Au nanoparticles and the nano-nets. (b) 
Results from the dynamic shake flask method on exposure of the E. coli to Au nanoparticle and 
the nano-nets. (c) FESEM images of the nano-nets pulled from 100 nm Au nanoparticle solution. 
(d) Higher magnification images of the extracted nano-nets with attached 100 nm Au 
nanoparticles. (e) FESEM image of the extracted nano-nets from 50 nm Au nanoparticle 
solution.  
The interplay between the capture efficiency of the nano-nets based on, their volume fraction 
in the solution and the concentration of the target species is characterized by a series of 
experiments. This is done by adding the nano-nets to a solution of PMMA microspheres that 
  
have a size 1 µm and a negative zeta potential (-44 mV, see SI), similar to microbes. The PMMA 
  
microspheres are used due to their well-defined size and number density in solution. First we 
  
conduct the capture of the PMMA microspheres by increasing their concentration in solution 
  
while keeping the number of nano-nets constant. Figure 5a shows that the capture efficiency 
  
follows a S-shaped curve (inverted) on increasing the microsphere concentration. This is related 
  
to the saturation of the collection by the nano-nets as they reach their capacity to interact with the 
  
microspheres. The line is a fit based on power law. A parallel experiment is then performed with 
  
E. coli and as seen in Fig. 5a (blue curve) a result similar in nature to that of the microspheres is 
  
obtained, this attests to the viability of using the microspheres in these experiments.  In the 
  
second experiment the concentration of the PMMA microspheres is kept constant at 1.15x10
6
 





 %. The capture efficiency of the nets is shown in Fig. 5b. We observe a typical S-
shaped curve with capture efficiency 
increasing 
from 1.6% to 
90% with 
increasing nano-net 
volume fraction. The line curve in the 
figure is the fit done using a typical 
power law. This result is similar in nature 
to the rise in electrical conductivity of a 
composite with increasing volume 
fraction of a conductive filler.[47] We 
observe from both these analyses that 
50% capture is achieved at nano-net volume concentration of 7.8x10
-4
% and at PMMA 
microsphere concentration of 3.1x10
6
 particles/ml. There is however an interplay between the 
two parameters. The limiting number of particles that can be captured is governed by the 
maximum capacity of the nano-nets as shown in Fig. 5c. Also the ability to capture the particles 
is dependent on the volume fraction of the chains that dictates their interaction frequency with 
















Figure 5. The efficiency of the nano-nets for extracting the PMMA microspheres and the 
microbes is evaluated and fitted using a power law model. The error bars are based on three sets 
of replicates for each experiment (a) With a constant nano-net concentration on increasing the 
microsphere and the microbe concentration both show an inverse S-shaped decay in capture 
efficiency. (b) For a constant microsphere concentration the extraction efficiency follows an S-
shaped curve with the volume fraction of the nano-nets. (c) On increasing the microsphere 
numbers we observe that the collection by a fixed number of nano-nets reaches a saturation limit. 
4. Conclusions 
The dimensionality of nanomaterials is an important parameter governing their 
interaction volume with surrounding medium as has been shown for conductive composites.[26] 
By applying this principle and similar to fishing nets we have designed magnetic nano-nets made 
of Au and Fe oxides that combine physical interaction with cytotoxic effects for efficient capture 
of microbes. As a result, due to their diffuse morphology these nano-nets can be used in very 
small concentrations for capture and extraction of microbes from solution with high efficacy 
using an off the shelf magnet. This also serves to clean the residual solution of any nano-nets 
  
used during the process.[48] The minimum size of particles that can be extracted using these 
nano-nets is ~100 nm, which is limited by the size of their openings as governed by their self-
assembly process. The extraction efficiency of the nano-nets depends on their concentration in 
the solution as it dictates their interaction volume with the fluid. Since the presented approach 
uses physical capture of the microbes for their extraction, it will be useful in addressing the 
challenge of developing microbial resistance to the cytotoxic effects of both anti-biotics and 
nanomaterials. [2-4, 22] Such new strategies are also required due to the increasing range and 
frequency of water borne tropical diseases related to the changing climate patterns.[49-51] We 
believe that such strategies based on the ability to make nanomaterials with varying morphology, 
resulting in physical means to target and neutralize microbes and hence circumventing the need 
to have a physiological interaction with them, presents a viable option for the future of water 
purification.   
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